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Abstract
We perform a model independent study of freeze-in of massive particle dark matter
(DM) by adopting an effective field theory framework. Considering the dark matter to be
a gauge singlet Majorana fermion, odd under a stabilising symmetry Z2 under which all
standard model (SM) fields are even, we write down all possible DM-SM operators upto
and including mass dimension eight. For simplicity of the numerical analysis we restrict
ourselves only to the scalar operators in SM as well as in the dark sector. We calculate the
DM abundance for each such dimension of operator considering both UV and IR freeze-
in contributions which can arise before and after the electroweak symmetry breaking
respectively. After constraining the cut-off scale and reheat temperature of the universe
from the requirement of correct DM relic abundance, we also study the possibility of
connecting the origin of neutrino mass to the same cut-off scale by virtue of lepton
number violating Weinberg operators. We thus compare the bounds on such cut-off
scale and corresponding reheat temperature required for UV freeze-in from the origin of
light neutrino mass as well as from the requirement of correct DM relic abundance. We
also briefly comment upon the possibilities of realising such DM-SM effective operators
in a UV complete model.
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I. INTRODUCTION
Cosmology based experiments like WMAP [1] and PLANCK [2], through pre-
cise measurements of cosmic microwave background (CMB) anisotropies have
suggested the presence of a mysterious, non-luminous and non-baryonic com-
ponent of matter, known as dark matter (DM), giving rise to around 26% of the
present universe’s energy density. In terms of density parameter ΩDM and h =
Hubble Parameter/(100 km s−1Mpc−1), the present DM abundance is convention-
ally reported as [2]: ΩDMh2 = 0.120± 0.001 at 68% CL. While cosmology based ev-
idences are relatively more recent, astrophysical evidences for DM emerged long
back starting with the galaxy cluster observations by Fritz Zwicky [3] back in
1933, observations of galaxy rotation curves in 1970’s [4] to the more recent ob-
servation of the bullet cluster [5]. While all these evidences are purely based on
gravitational interactions of DM, we do not have any knowledge about the particle
aspects of DM. Since none of the Standard Model (SM) particles can satisfy the
criteria for being a realistic DM candidate, several beyond standard model (BSM)
proposals have been put forward out of which the weakly interacting massive par-
ticle (WIMP) [6–9] is the most popular one. WIMP paradigm considers thermal
production of DM in the early universe from the SM bath [10, 11] with an interest-
ing coincidence that a DM particle having mass and couplings around the elec-
troweak scale can give rise to the correct DM abundance after thermal freeze-out.
This is often referred to as the WIMP Miracle [12]. However, the same interactions
between DM and SM particles which lead to thermal production of DM, can also
lead to DM-nucleon scattering with the possibility of leaving some signatures at
direct detection experiments like LUX [13], PandaX-II [14, 15], XENON1T [16, 17].
However, the continuous absence of such signal in several direct detection exper-
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iments so far have already constrained DM-nucleon scattering rates very strictly,
pushing it towards the region where coherent neutrino-nucleus scattering cross
section may dominate, also dubbed as the neutrino floor [18]. Similar null re-
sults for WIMP type DM have also been reported at indirect DM detection ex-
periments, and also the large hadron collider (LHC), all of which constrain the
coupling strength of DM with SM particles.
While negative results in WIMP searches do not necessarily rule it out, it has
motivated the particle physics community to look for beyond the thermal WIMP
paradigm where the interaction scale of DM particle can be much lower than the
scale of weak interaction i.e. DM may be more feebly interacting than the ther-
mal WIMP paradigm. One such possibility is to consider the origin of DM to be
purely non-thermal [19]. In such a scenario, DM interaction with the SM bath
is so weak that it never attains thermal equilibrium at any epoch in the early
universe. While the initial abundance of DM in such a scenario is negligible, it
can be produced from out of equilibrium decays of heavy particles or annihila-
tion of particles already present in the thermal plasma. Such a scenario where
DM abundance freezes in from a negligible initial abundance to the observed
abundance is known as freeze-in, and the candidates of such non-thermal DM
produced via freeze-in are often classified into a group called FIMP (Feebly in-
teracting) massive particle)(for a review on such a DM paradigm see, for exam-
ple [20]). If there exists renormalizable interactions between FIMP and the SM
bath, then the non-thermal production of DM is effective at lowest possible tem-
perature. If the mother particle is in thermal equilibrium with the bath then the
maximum production of DM occurs when the temperature of the bath T ' M0,
the mass of mother particle. Therefore, the non-thermal criterion enforces the
couplings to be extremely tiny via the following condition
∣∣∣∣ ΓH
∣∣∣∣
T'M0
< 1 [21], where
Γ is the decay width. For the case of scattering, one has to replace Γ by the inter-
action rate neq 〈σv〉, neq being the equilibrium number density of mother particle.
These types of freeze-in scenarios are known as infra-red (IR)-freeze-in [20, 22–
39] where DM production is dominated by the lowest possible temperature at
which it can occur i.e. T ∼ M0, since for T < M0, the number density of mother
particle becomes Boltzmann suppressed. On the other hand, there exists an-
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other possibility where FIMP and SM sector are coupled via higher dimensional
operators (dimension d > 4) only. In such a scenario, DM production is effective
at high temperatures and very much sensitive to initial history like the reheat
temperature of the universe. Due to the higher dimensional nature of such inter-
actions, DM production happens via scattering only, specially at a temperature
above the electroweak scale. This particular scenario is known as the ultra-violet
(UV) freeze-in [19, 40–46]. It may also happen that a realistic FIMP scenario has
a mixture of both IR as well as UV freeze-in where after a phase transition like
the one at the electroweak scale, the DM can have renormalizable interactions
with the SM bath. However, if DM mass is much higher than the scale of such
phase transitions, then its production will be dominated by UV freeze-in only.
Motivated by these, in this work, we consider an effective field theory (EFT)
approach for UV freeze-in of DM. Since scalar DM can have renormalizable in-
teractions with the SM particles which no symmetries can prevent, we consider
a singlet Majorana fermion, odd under a Z2 stabilising symmetry, to be the DM
candidate. Naturally, DM interactions with the SM particles can arise only at
dimension (dim.) five or higher level, suppressed by appropriate powers of the
cut-off scale. We first list out possible DM-SM operators upto dim.8. While cal-
culating the DM relic abundance, we consider only scalar operators responsible
for DM-SM interactions for simplicity. We then constrain the cut-off scale, DM
mass, as well as reheat temperature from correct DM relic requirement by con-
sidering both UV as well as IR freeze-in contribution that may arise before and
after electroweak symmetry breaking (EWSB) respectively. We find that the IR
freeze-in contribution is sizeable only for dim.5 operators while it is negligible for
higher dimensional operators unless we consider a very low reheat temperature
(≤ 1 TeV) of the universe. Also, as expected, such IR freeze-in contribution is
insignificant if DM mass is above the electroweak scale. We then discuss the
possibility of the same cut-off scale to be responsible or origin of light neutrino
masses via Weinberg operators of dim.5 and 7 [47]. We also briefly comment on
the scenario where DM-SM interactions can happen only via lepton number vi-
olating operators. Finally we discuss some provisions of UV completion of such
frameworks.
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This paper is organised as follows. In section II we list out possible DM-SM
operators upto and including dim. 8, along with the details of possible interaction
vertices that can arise before and after EWSB. In section IV, we compute DM relic
abundance by considering only DM scalar operators as mentioned before. In
section V we consider the possibility of DM production only through dim. 5 and
dim. 7 operators and check the constraints from neutrino mass if it is assumed
to be arising from Weinberg operators of the same dimensions. In section VI
we briefly comment upon different possibilities of generating DM-SM effective
operators within a UV complete framework and finally we conclude in section
VII.
II. LIST OF POSSIBLE DM-SM OPERATORS UP TO AND INCLUDING DIM.8
In this section we list out possible operators upto dim.8 that can be formed by
considering bilinears in DM fields. EFT analysis in the context of the WIMP type
DM has been done extensively and can be found in [48–56] and the references
therein. Here we perform a similar study for the FIMP DM, considering it to be a
singlet Majorana fermion (χ).
Bilinear Transformation under
C-operator
χχ +
iχγ5χ +
χγµχ −
χγµγ5χ +
χσµνχ −
TABLE I. Possible DM bilinears and their transformation under charge conjugation op-
erator.
Since we are imposing a Z2 symmetry for ensuring the stability of the DM,
hence any interaction term involving the DM fields has to be at least bilinear
in χ. Due to the fact that the Majorana fermion is its own anti-particle, those
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DM 1/Λ 1/Λ2 1/Λ3 1/Λ4
bilinear
(dim.3)
XµνX
µν , XµνX˜µν∣∣H†H∣∣2
χcχ, H†H |DµH|2
(
`LH˜
)(
`LH˜
)
χciγ5χ iL/DL, iR/DR
LHR,LH˜R
χcγµγ5χ L(R)DµL(R) L(R)DµL(R)
(
H†H
)
iH†DµH iH†DµH
(
H†H
)
TABLE II. Possible operators up to and including dim.8 with scalar, pseudoscalar and
axial vector bilinears in the DM fields, invariant under SM gauge symmetry. Here Xµν ∈
Bµν ,W
a
µν , G
a
µν, L ∈ QL, lL are the SM left-handed doublet fermions, R ∈ QR, eR are the SM
right-handed singlet fermions, and /D = γµDµ is the covariant derivative for the SM fields.
bilinears which are odd under charge conjugation vanish identically. We first
chalk out the bilinears that can be formed out of the DM fields with Majorana
nature in Table I. As we see, it is only possible to construct those operators which
have scalar, axial vector and pseudoscalar interactions in the DM fields, while the
vector current and dipole moments vanish. Since we are interested in UV freeze-
in that requires the new physics at a scale Λ ≥ TeV, hence we can choose our
EFT basis at the scale of Λ, and write all the operators below Λ. The generalised
DM-SM non-renormalizable interaction in such case can be written as:
L ⊃ cijO
(d)j
SM O(d
′
)i
DM
Λd+d
′−4
ij
, (1)
where O(d
′
)
DM is a dark sector operator of mass dimension d
′, O(d)SM is the operator
in the visible sector of mass dimension d. The parameter Λij is a dimensionfull
scale and cij is the dimensionless Wilson coefficient. If d + d
′
> 4, then the in-
teraction is associated with an effective non-renormalizable operator of the form
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presented in Eq. (1). Since a DM bilinear itself makes up dim. 3, hence we need
to construct gauge invariant Lorentz contracted SM operators upto dim.5. Now,
there are 13 dimension 4, 1 dimension 5, 63 dimension 6 and 20 dimension
7 operators invariant under the Standard Model gauge group [57]. Four of the
dimension 6 operators violate baryon number conservation, leaving 59 that con-
serve baryon number [57, 58]. As mentioned earlier, we consider SM operators
upto dim.5 only which take part in DM-SM interactions, which amounts to a max-
imum dimension of eight for DM-SM operators. This not only limits the number
of operators but also ensures the kinematics involved in scattering processes to
be simple. All DM-SM interactions are encoded by higher-dimensional operators,
with a cut-off scale Λ, which is the mass scale of the heavy fields integrated out
to obtain the low-energy Lagrangian:
L = LSM + LDM + L5 + L7 + L8, (2)
where LSM(DM) is the renormalizable SM (DM) Lagrangian and Ld corresponds
to the operators of dimension d > 4.
In the renormalizable level the Lagrangian for the DM field has the form:
LDM = iχc/∂χ−Mχχcχ, (3)
as the DM is electroweak singlet with zero hypercharge. In Table II we list the
possible operators that can be built out of SM and DM fields upto dimension 8.
Generically, the EFT description is valid as long as Λ & Mχ
2pi
[59, 60] and hence
it is justified to integrate out the heavy fields with masses roughly of the order
of the cut-off scale. But in case of UV freeze-in scenario, as we shall see, the
reheat temperature of the universe is also involved which we consider to be & TeV.
Hence in our prescription the EFT framework is valid as long as Λ & Mχ
2pi
, TRH.
The formulation of the EFT at scale µ depends on which degrees of freedom are
relevant at that particular scale. The operators we have listed in Table II are in
the basis of unbroken electroweak phase, valid at or above the electroweak scale
µ = µEW ∼ mZ.
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III. DECAY AND ANNIHILATION PROCESSES FOR FREEZE-IN
In this section we would like to specify all the decay and annihilation processes
that can lead to the freeze-in production of the DM. As mentioned earlier, before
EWSB, DM interacts with SM bath only via n → m scattering processes (with
n,m ≥ 2) arising out of higher dimensional operators (UV freeze-in) whereas in
the post-EWSB phase there exists the possibility of IR freeze-in as well via de-
cays. Therefore, we discuss DM interactions during pre- and post-EWSB phases
separately in the following subsections.
A. Before EWSB
Here we are going to consider all processes that can arise before EWSB i.e., at
temperature T > TEW ' 160 GeV. We know, all SM particles are massless above
TEW and the Goldstone bosons (GB) are physical fields. Hence, we define the
SU(2)L scalar as:
H =
φ+
φ0
 , (4)
where we have both the charged and the neutral GBs. Now let us compute the
possible processes one by one, according to the total mass dimension of DM-SM
operator listed in Tab. II.
1. Dimension 5 operator
The lowest dimension gauge-invariant operators that can be written down in-
volving the interaction of a Majorana fermion DM and the SM sector are of dim.5
and involve the Higgs doublet bilinear:
O5S =
1
Λ
χcχ
(
H†H
)
, (5)
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where the subscript indicates the nature of the dark operator, while the super-
script denotes the total mass dimension. We shall use this convention through-
out. Now, substituting Eq. (4) in Eq. (5) we obtain
O5S =
1
Λ
χcχ
(
φ+φ− + φ0φ0
)
, (6)
which shows there are only 4-point interaction processes for the DM produc-
tion from GB annihilation for dimension 5 operator.
2. Dimension 7 operator
The dim.7 DM-Sm operators involve dim.4 SM operators. As a result, in di-
mension 7 several different interactions emerge:
O7S =
1
Λ3
χcχ
{
BµνB
µν +W aµνW
aµν +GaµνG
aµν +BµνB˜µν
+W aµνW˜
aµν +GaµνG˜
aµν +
∣∣H†H∣∣2 + (DµH)† (DµH)
+ lLHeR +QLHqR +QLH˜qR + ilL /DlL + iQL /DQL + ieR /DeR + iqR /DqR + h.c.
}
,
(7)
where the dual field strength tensor is defined as: X˜µν = µναβXαβ, H˜ = iσ2H?
where σa are the Pauli spin matrices. We define the covariant derivative for SM
field: Dµ = ∂µ− ig2τaW aµ − ig12 Y Bµ, with Q = T3L+Y/2 as the electromagnetic charge
and τa = σa/2 (a = 1, 2, 3). All gauge bosons have two degrees of freedom or in
other words they are massless. Now, the non-abelian field strength tensors are
defined as:
Xaµν = ∂µX
a
ν − ∂νXaµ + gXabcXbµXcν , (8)
where gX is the appropriate coupling constant for the SM non-abelian gauge
sector. The last term gives rise to self-interaction vertices involving three and four
gauge bosons. Therefore, the gauge kinetic terms give rise to 2 → 2, 3 → 2, 2 →
3, 2→ 4, 4→ 2 and 3→ 3 scattering processes for DM production.
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Next is the term involving the Higgs doublet:
∣∣H†H∣∣2 that gives rise to the
following interaction vertices upon expansion:
1
Λ3
χcχ
(
φ+φ−φ+φ− + φ0φ0φ0φ0 + 2φ+φ−φ0φ0
)
. (9)
All of the above interactions, as one can see, give rise to 4 → 2, 2 → 4, 3 → 3
scattering processes for DM production. The expansion of the scalar kinetic term
|DµH|2 before EWSB is given by Eq. (A1) in Appendix. The terms within the first
parenthesis give rise to 2→ 2 scattering for DM production involving GBs. Then
we also have 4 → 2, 2 → 4, 2 → 3, 3 → 2 and 3 → 3 scattering for DM production
involving gauge bosons and GBs. Note that the gauge bosons in this regime are
massless, and hence have two degrees of freedom.
We then have the interactions involving SM Yukawa terms:
1
Λ3
χcχ
{
νLφ
+eR + eLφ
0eR + uLφ
+dR + dLφ
0dR + uLφ0uR − dLφ−uR + h.c.
}
. (10)
All these processes are 3 → 2, 2 → 3 scattering processes for DM production
involving both leptons and quarks.
For the operators involving SM fermion kinetic terms we have different hy-
percharge for left and right-handed fermions. We use the following notation for
generic fermion doublet and fermion singlet:
SU(2)L doublet : (ψL, ξL) , SU(2)L singlet : ξR. (11)
With this we can now expand the corresponding interaction operator as:
1
Λ3
χcχ
{
...
}
kin
+
1
Λ3
χcχ
1
2
{
ψLγ
µ
(
g2W
3
µ + g1
YL
2
Bµ
)
ψL + g2ψLγ
µ (W1µ + iW2µ) ξL
+
g1
2
ξγµ
1
2
[
(YL + YR)︸ ︷︷ ︸
YT
−γ5 (YL − YR)︸ ︷︷ ︸
YD
]
ξBµ − g2ξLγµξLW 3µ
}
,
(12)
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where
{
...
}
kin
=
(
ψLγ
µ∂µψL + ξLγ
µ∂µξL + ξRγ
µ∂µξR
)
and ξ = ξL + ξR. YL,R is the
hypercharge corresponding to left and right-handed fermions. Note that, we have
to consider both leptons and quarks in this case. Here the pure kinetic terms
with ordinary derivatives give rise to 2→ 2 processes, while others are 3→ 2, 2→
3, 3 → 3 processes for DM production. This completes the interactions involving
dim.7 DM-SM operators.
3. Dimension 8 operator
Let us now examine the term involving dim.5 Weinberg operator, which leads
to dim.8 DM-SM operator:
O8S =
1
Λ4
χcχ
(
`LH˜
)(
`LH˜
)
, (13)
where `L stands for SM leptons only, as operators with quarks are not invari-
ant under SM colour symmetry. This is the only possible dimension 8 operator
leading to interactions between DM and SM. Expansion of eq. (13) gives rise to
4→ 2, 2→ 4, 3→ 3 processes for DM production before EWSB.
FIG. 1. Possible n → 2 (with n ≥ 2) annihilation channels for freeze-in production of the
DM before EWSB corresponding to dim.5, dim.7 and dim.8 operators.
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Operator 1→ n, n ≥ 2 2→ 2 3→ 2, 2→ 3 4→ 2, 2→ 4 5→ 2, 2→ 5 6→ 2, 2→ 6
type 3→ 3 3→ 4, 4→ 3 3→ 5, 5→ 3
4→ 4
O5S 7 3 7 7 7 7
O7S 7 3 3 3 7 7
O8S 7 7 7 3 7 7
TABLE III. Annihilation/decay channels for DM-SM operators upto dimension 8 before
EWSB.
Table III summarises possible n → m scattering processes leading to DM pro-
duction arising from DM-SM operators of dim.5, 7, 8 before EWSB. The corre-
sponding Feynman diagrams for all such processes are shown in figure 1.
B. After EWSB
In this subsection we will investigate possible DM-SM interactions that can
arise after EWSB i.e., for T < TEW . In this regime the Higgs doublet can be
expanded around its vacuum expectation value (VEV) denoted by vh and can be
expressed in unitary gauge as:
H =
 0
h+vh√
2
 , (14)
where the Goldstone modes are being eaten up by the gauge bosons and they
become massive with three degrees of freedom.
Once again, we now proceed as in Sec. III A to find possible decay/annihilation
channels for DM production that can arise after EWSB. The dimension 5 operator
in Eq. (5) now can be rewritten as:
1
Λ
χcχ
(
h2 + 2hvh + v
2
h
)
, (15)
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where the first term is the usual 4-point interaction that is present before
EWSB as well, while last term serves as another mass term for the DM, which
leads to the resulting mass: χc
(
Mχ +
2v2h
Λ
)
χ, however the correction term is sup-
pressed for large Λ. Notice that there is also a decay term which gives rise to IR
freeze-in, proportional to a dimensionless effective coupling.
FIG. 2. Possible 2→ 2 annihilation and decay channels for freeze-in production of the DM
after EWSB corresponding to dim.5, dim.7 and dim.8 operators. The top left, top right
and bottom left diagrams are present both in dim.5 and dim.7 cases, while the bottom
right diagram is for dim.8. SM in the top right diagram stands for all SM particles
including fermions, gauge bosons and Higgs itself. In the bottom left diagram f stands
for SM fermions, however we only consider the contribution of top quark.
Operator 1→ 2 2→ 2 3→ 2, 2→ 3 4→ 2, 2→ 4
type 3→ 3
O5S 3 3 7 7
O7S 3 3 3 3
O8S 7 3 3 3
TABLE IV. Annihilation/decay channels for DM-SM operators upto dimension 8 after
EWSB.
For dimension 7 operators in eq. (7) the gauge kinetic terms provide 2 → 2,
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3→ 2, 2→ 3, 4→ 2, 2→ 4 and 3→ 3 processes as was the case before EWSB. The
term involving
∣∣H†H∣∣2 can now be expanded as:
1
2Λ3
χcχ (h+ vh)
4 =
1
2Λ3
χcχ
(
h4 + 6v2hh
2 + v4h + 4v
3
hh+ 4vhh
3
)
, (16)
where the second term is a 4-point vertex proportional to the square of the
VEV. The first term can give rise to 4→ 2 process, whilst the last term is a 3→ 2
process again proportional to the VEV. Depending upon the mass of DM, these
same operators can also give rise to 3→ 3, 2→ 3 scattering for DM production as
well, if kinematically allowed at temperatures below EWSB. Lastly, there is again
a decay process that gives rise to IR freeze-in, proportional to a dimensionless
effective coupling. Now, after EWSB, the SM gauge bosons mix and give rise to
physical fields as:
 Bµ
W3µ
 =
cw −sw
sw cw
Aµ
Zµ
 , (17)
where c(s)w is the (co)sine of the Weinberg angle. As evident from Eq. (A2) in
Appendix, the scalar kinetic term, after EWSB, gives rise to h − Z(W ) − Z(W ),
h − h − Z(W ) − Z(W ), pure kinetic term for h, along with the mass term for the
heavy gauge bosons as in Eq. (A2). Therefore, the dimension 7 operator in Eq. (7)
shall consist of 2→ 2, 3→ 2 and 4→ 2 vertices. All of such vertices have explicit
gauge boson mass dependence and hence exist only after EWSB. The post-EWSB
fermion kinetic term shall give rise to several charge and neutral current interac-
tions involving SM leptons and quarks. All these are 3-point interaction vertices.
Therefore, interactions like 1
Λ3
χcχ
(
f /Df) will produce 2→ 2, 3→ 2, 3→ 3 annihila-
tion channels for DM production. The SM Yukawa interactions viz., Hf¯f result
in 3-body vertices involving the Higgs and SM fermions. So, the dim.7 terms
including SM Yukawa interactions shall produce 3 → 2, 3 → 3 interactions for
freeze-in.
At dim.8 level, we have the Weinberg operator, which on expansion, after
EWSB, gives rise to: 1
2
νL νL(h + vh)
2. Such an operator, therefore, gives a 2 → 2
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process proportional to v2h, a 3 → 2 process proportional to the VEV and a 4 → 2
suppressed by 1
Λ4
. The post-EWSB production, being dominantly IR freeze-in,
are sizeable only if DM mass is below the EWSB scale and the cut-off scale is
not too high so that the dimensionless couplings proportional to vh/Λ remain
sizeable enough. Since for IR freeze-in the abundance increases with increase
in such couplings [19], lowering the cut-off for a particular dimension of DM-SM
operators will lead to increase in IR freeze-in contribution. All these annihila-
tion and decay processes that arise after EWSB, are listed in Table IV while the
corresponding Feynman diagrams are shown in figure 2.
IV. DARK MATTER YIELD FROM ANNIHILATION AND DECAY
In this section we would like to compute the freeze-in yield of the DM χ before
and after EWSB. Since the dark sector and visible sector in our case communicate
via operators of different dimension suppressed by powers of some high scale Λ
as shown in Eq. (1), it leads to the UV freeze-in scenario before EWSB. In this
case the yield is completely determined by the cut-off scale Λ and the reheat
temperature TRH of the universe1. Before EWSB, all SM fields have zero mass,
but the DM is still massive because of its bare mass, while after EWSB all the
SM particles acquire masses. Since one can then expand the scalar field around
its minima, the decay channels also appear along with the n → 2 annihilation
processes. Also, before EWSB, as we have seen in the last section, there are
no decay channels that lead to DM production. In order to determine the DM
abundance at present temperature, we need to solve the Boltzmann equation
(BEQ) to obtain the number density of χ. The BEQs involved in this case are
elaborated in Appendix. B 2, B 3 and B 4.
The decay processes after EWSB are dominantly 1 → 2, where the Higgs de-
cays to produce a pair of DM particles, if kinematically allowed. As one can
understand, since the decay happens in the rest frame of the mother particle,
1 Once inflation ends, the thermalisation of the universe occurs, leading to a radiation dominated
phase. This is the reheating epoch [61], which takes the universe to a radiation-dominated
phase after the end of inflation. Success of the big bang nucleosynthesis (BBN) puts a lower
bound on the reheating temperature i.e. TRH & O(1) MeV [62].
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FIG. 3. Along the contours with different colours the thermalisation condition Γint = H
is satisfied (see Appendix. E), where all interaction rates are calculated for processes
before EWSB. The grey shaded region is where EFT is no longer valid as T > Λ. The
green shaded region satisfies light neutrino mass generated from L-violating dimension
7 SM operator, while the red shaded region satisfies light neutrino mass generated from
L-violating dimension 5 SM operator.
hence the mass of the decaying particle is involved in this case (i.e., the Higgs
mass). As a consequence, decay always gives rise to IR freeze-in, where the yield
does not depend on the reheat temperature, in contrast to standard UV freeze-
in set-up. Also, since only Higgs decay is involved in our case, hence the DM
mass Mχ is necessarily below mh/2 ∼ 62 GeV in order to have non-zero contribu-
tion from decay. After EWSB there is also one gluon initiated process that can
produce DM in the final state via Higgs mediation through a triangle loop (as
shown in Fig. 2). The effective ggH coupling has the form: −ig
2
s
32pi2
m2h
vh
F (x) [63], where
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F (x) = x
[
1 + (1− x) f (x)
]
with
f(x) =

(
sin−1
√
1
x
)2
, x > 1
−1
4
(
ln
[
1+
√
1−x
1−√1−x
]
− ipi
)2
x < 1,
and x = 4m
2
t
m2h
, where we are considering only top quark contribution in the triangle
loop. Total yield due to annihilation and decay after EWSB is therefore coming
from both IR and UV processes.
Before going into the details of the Boltzmann equation (BEQ) for determining
the DM relic abundance, we would first like to put a constraint on the cut-off
scale Λ such that the DM is out of equilibrium, ensuring its non-thermal pro-
duction. In order to determine that, we need to calculate the scattering rate and
compare it with the corresponding Hubble rate, the details of which can be found
in Appendix. E. In Fig. 3 we have shown the constraint on Λ in the bi-dimensional
plane of T − Λ such that the DM-SM interaction is always out of equilibrium. In
the plot, the straight line contours with different colours correspond to the con-
dition R = Γn→2
H
= 1 for dimension 5 (red), 7 (green) and 8 (blue) operators. Here
H(T ) = pi
2
90
√
g?ρ(T )T
2/Mpl is the Hubble rate with g?ρ(T ) being the effective rela-
tivistic degrees of freedom at temperature T, and Mpl is the Planck mass. The
region to the left of each contour is where the DM thermalises with the SM bath.
As the rate goes roughly as R ∝ TMpl
Λn
, hence the condition for thermalisation:
T.Mpl & Λn, also overlaps with the condition where the effective formalism breaks
down: T > Λn. For operators with higher dimension the DM can be kept out of
equilibrium for a smaller Λ as R ∼ 1
Λn
, while lower dimensional operators need
a larger Λ to ensure non-thermal DM production. This is exactly reflected in
Fig. 3, where we see for dim.8 interaction Λ & 104 GeV is the minimum cut-off
scale that guarantees that the DM remains out of thermal equilibrium, while
dim.5 demands Λ & 1010 GeV.
The Boltzmann equation (BEQ) for the DM yield consists of all the processes
that appear before and after EWSB, which includes decay and scattering dia-
grams. BEQ corresponding to decay is derived in Appendix. B 1, while those due
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to the scatterings are elaborated in Appendix. B 2, B 3 and B 4. Now, the total
yield at present epoch (at temperature T0) is a sum of the contribution from yield
before EWSB and yield after EWSB, which can be written as:
Y totalχ (T0)TRH>TEW '
[{∫ TRH
TEW
dT
1
512pi6
∫ TRH
TEW
dT
s(T ).H(T )
∫ ∞
0
dsdΩ
(√
s
2
)2
|M|212→34
1√
s
K1
(√
s
T
)}
+
{∫ TRH
TEW
dT
s(T ).H(T )
1
64 (2pi)7∫ ∞
0
dss3/2|M|2123→45K1
(√
s
T
)∫ 1
0
dx1
∫ 1
1−x1
dx2
}
+{∫ TRH
TEW
dT
s(T ).H(T )
1
64 (2pi)9
∫ ∞
0
ds
√
s|M|21234→56K1
(√
s
T
)
∫ √s
0
ds12
∫ (√s−√s12)2
0
ds34
√
1 +
s212
s2
− 2s12s34
s2
+
s234
s2
− 2s12
s
− 2s34
s∫
d cos θ12
2
∫
d cos θ34
2
}]
+
[∫ TEW
T0
dT
m2hΓh→χχ
2pi2
K1 (mh/T )
s(T ).H(T )
+
1
512pi6
∫ TEW
T0
dT
s(T ).H(T )
∫ ∞
max(4M2χ,4m2SM)
dsdΩ
1
4
√
(s− 4m2SM)
(
s− 4M2χ
)
|M|212→34
1√
s
K1
(√
s
T
)]
(18)
FIG. 4. Contribution of operators with different dimensions to the DM yield before (left)
and after (right) EWSB. In both cases we have chosen Λ = 1010 GeV, TRH = 108 GeV.
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FIG. 5. Top Left: DM yield before EWSB considering all 2 → 2, 2 → 3, 3 → 2 and 4 → 2
channels for a fixed reheat temperature TRH = 106 GeV, where different coloured curves
correspond to different choices of Λ : {109, 1010, 1011} GeV shown in red, green anbd blue
respectively. Top Right: DM yield before EWSB for a fixed Λ = 1010 GeV for different
choices of the reheat temperature TRH : {106, 107, 108} GeV shown in red, green and blue
respectively. Bottom Left: Individual contribution of 2 → 2, 2 → 3, 3 → 2 and 4 → 2
processes in DM yield for a fixed Λ = 1010 GeV and reheat temperature TRH = 106 GeV.
Bottom Right: Variation of DM yield with temperature considering contribution from
1 → 2 decay and 2 → 2 annihilations only after EWSB. All states are considered to be
massive with DM mass Mχ = 5 keV (red) and Mχ = 50 GeV (blue).
where the first big parenthesis
[
...
]
takes care of the yield before EWSB that
includes contributions from n → m processes. The second big parenthesis
[
...
]
includes contribution from processes after EWSB due to 1 → 2 decay and 2 → 2
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annihilations. Also note that in case of yield after EWSB the lower limit of the
integration depends on the mass of the particles involved in the process. One
can then obtain the relic abundance of the DM at present epoch using:
Ωχh
2 = 2.75× 108 Mχ
GeV
Y totalχ (T0) , (19)
which need to satisfy the PLANCK [2] observed limit: ΩDMh2 = 0.120± 0.001.
The contributions of operators with different dimensions to the DM yield (be-
fore and after EWSB) are shown in Fig. 4, where in both the plots the red, green
and blue curves correspond to dim.5, dim.7 and dim.8 operators respectively.
Although the final yield, as evident from Eq. (18), is a sum of the yield before
and after EWSB, this exercise helps us to understand the dynamics of the DM
yield with the bath temperature before and after EW symmetry breaking occurs.
This also indicates which processes dominate over the others. Here we see, dim.5
interactions always have dominant contribution over the others both before and
after the EWSB. This leads us to the fact that dim.5 interactions play the deciding
role in determining the total yield as well as the DM relic abundance. In Fig. 5
we have illustrated how the DM yield varies with the bath temperature before
and after EWSB separately when all the operators with different dimensions are
considered together. In the top left panel of Fig. 5 we have shown the variation of
DM yield Yχ with temperature T considering all n→ 2 channels before EWSB for a
fixed reheat temperature TRH = 106 GeV for illustration. With the change in the ef-
fective scale Λ the yield also changes as shown by the red, green and blue curves
corresponding to Λ = {109, 1010, 1011} GeV respectively, and as expected, for larger
Λ the yield is small. As the reheat temperature is fixed, hence all the curves orig-
inate from the same point at high temperature and the yield becomes maximum
at T ∼ TRH. The yield freezes-in immediately T ∼ TRH, which is a typical feature of
UV freeze-in. Since we are considering the era before EWSB, all SM particles are
massless, but the DM, because of its bare Majorana mass, is still massive. How-
ever, the yield is very loosely dependent on the DM mass because of the involve-
ment of two large scales in the theory, namely the cut-off scale and the reheat
temperature. As a result ignoring the DM mass does not change the outcome. In
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the top right panel of Fig. 5 we have again shown how the DM yield before EWSB
varies with the temperature for a fixed choice of the effective scale Λ = 1010 GeV.
In this case we choose three different reheat temperature: {106, 107, 108} GeV to
illustrate the effects on Yχ. As we can notice, with the change in TRH the upper
limit of the integration in the first parenthesis of Eq. (18) changes, resulting in the
change in corresponding yield. For larger TRH we achieve a larger yield following
Eq. (18). Also, all the curves originate from different T with the change in TRH,
but the flavour of UV freeze-in prevails as the yield in each case is maximum at
T ∼ TRH. Note that, all these curves end before the electroweak phase transition
temperature TEW ' 160 GeV ensuring DM production only before EWSB era and
hence dominance of UV freeze-in. In the bottom left panel of Fig. 5 we illustrate
contribution from different n→ 2 processes, where the red curve is due to 2→ 2,
the blue and green curves are for 3 → 2 and 2 → 3 and the black curve is due to
4 → 2 processes. As expected, the 2 → 2 processes dominate over all the others.
Although the 2→ 3 and 3→ 2 processes almost overlap on each other, but a close
scrutiny (see inset) shows that 2 → 3 processes are more relevant than 3 → 2,
while 4 → 2 processes are the most suppressed ones. The 3 → 3 processes are
also sub-dominant in the presence of 2→ 3 and 3→ 2 processes, hence we do not
show them here. Finally, in the bottom right panel of Fig. 5 we have shown the
yield after EWSB when all SM particles are considered to be massive along with
the DM. We consider the IR dominated 1 → 2 decay and all 2 → 2 annihilation
channels that lead to DM pair production. Since all the states are massive, the
2 → 2 channels dominate over other n → 2 channels for n > 2. As a result, we
only consider the decay and 2 → 2 annihilation processes in this regime. Here
we show the variation of yield for DM mass Mχ : {5 keV, 50 GeV}. For both the
cases the h→ χχ channel also contributes, while for Mχ > mh/2 only 2→ 2 anni-
hilation channels contribute. Due to the absence of decay modes the yield after
EWSB is negligibly small for DM masses larger than the EWSB scale2. For a DM
with mass ∼ keV the yield saturates at T ∼ 10 GeV, much earlier than BBN. This
implies that there is no damping in the matter power spectrum due to late DM
2 For exmple, the yield after EWSB corresponding to a DM of mass 500 GeV is ∼ 10−13 at T '
0.1 GeV.
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formation, which otherwise puts a very strong bound on the DM mass [64, 65].
Note that, in the presence of decay, the yield after EWSB is comparable with that
before EWSB. Note here, due to the effect of IR freeze-in, the DM freezes in when
x = m/T ∼ O(1). Also note that these yields do not correspond to the right relic
abundance, rather these are just to illustrate how the DM yield builds up with
the temperature.
FIG. 6. Top Left: Constraints on Λ and TRH from the observed relic abundance for DM
mass of 50 MeV. Here all the green colored points satisfy the PLANCK observed relic
density. The red points have dominant contribution from before EWSB (UV) while the
blue points have dominant contribution from after EWSB (IR) processes. Top Right:
Same as top left but for DM mass of 50 GeV. Bottom Left: For 500 GeV DM mass the
red points satisfy observed relic abundance. Here all contribution comes from before
EWSB channels. Bottom Right: Observed relic abundance for 3.55 keV DM in the bi-
dimensional plane of Λ− TRH, where the colour codes are same as the top panel plots.
In Fig. 6 we have shown the parameter space satisfying PLANCK observed
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FIG. 7. Parameter space satisfying relic abundance with only dim.8 interactions taken
into account. DM mass is assumed to be Mχ = 50 GeV.
relic abundance in Λ− TRH plane for different choices of the DM mass. The relic
abundance is computed using Eq. (19) with all the dimensions taken into account
together. We choose DM masses Mχ : {50 MeV, 50 GeV, 500 GeV} (clockwise from
top left) for illustrating the resulting parameter space. We also have shown that
a DM mass of 3.55 keV satisfies the desired relic abundance in the bottom right
panel of Fig. 6. DM with mass in that ballpark has received lots of attention in
the context of the 3.55 keV X-ray observation [66–70]. In the top left panel of
Fig. 6 we show the region satisfying relic abundance for a DM mass of 50 MeV.
Here all points satisfy the observed relic abundance. For DM massMχ < mh/2, the
h→ χχ channel plays the important role as it enhances the DM yield after EWSB.
Since after EWSB IR freeze-in dominates (as all the states are massive), hence we
see a part of the parameter space independent of the reheat temperature. This
corresponds to Λ ∼ 1013 GeV for Mχ = 50 MeV and Λ ∼ 1015 GeV for Mχ = 50 GeV
(top right panel). Beyond TRH ∼ 107 GeV, Λ rises linearly with TRH for Mχ = 50 MeV
as UV freeze-in starts contributing. For Mχ = 50 GeV this linear rise starts at
TRH ∼ 106 GeV (top right panel). We have also shown the percentage contribution
to the observed relic abundance coming from processes before and after EWSB in
the top panel plots and also in the bottom right panel. Here we see more than 60%
contribution to observed relic abundance from processes before EWSB comes at a
24
larger reheat temperature (red points). This means UV freeze-in is more effective
for larger TRH. This is understandable as from Eq. (18) we see that Y UVχ ∝ TRH
as we are considering TEW << TRH. Now, a larger TRH also calls for a larger Λ to
satisfy the relic abundance as from Eq. (19) we see that for a fixed DM mass Ωχ ∝
TRH
Λn
. Contribution from processes after EWSB is more profound at a lower reheat
temperature where IR freeze-in dominates (blue points). As explained before, in
that region the relic abundance is almost independent of the reheat temperature,
which is again attributed to Eq. (18), where we see Y IRχ ∝ TEW as T0 << TEW. For
DM mass ≤ TEW this pattern remains the same as evident from the top panel and
bottom right panel plots. On the other hand, for DM mass of 500 GeV (left bottom
panel of Fig. 6) all of the contribution comes from processes before EWSB (as
Mχ > TEW) where only UV freeze-in is in action. As a result, there is a linear rise of
Λ with the increase in reheat temperature throughout. Note that, in this case, the
reheat temperature can also be ∼ TeV as for a massive DM one has to dial down
the reheat temperature in order to satisfy the relic abundance since Ωχ ∝ MχTRHΛn .
This is also reflected in the other plots where we see for a lighter DM one requires
a larger TRH to obtain the right abundance. One important point to note here is
the fact that in presence of all the operators, dim.5 interactions dominate over
the others which is understandable from the 1
Λ
suppression compared to other
dimensions where the suppression is even stronger.
In Fig. 6 we have considered possible operators upto dim.8 where naturally
dim.5 operators dominate. We have taken all operators at the same time to anal-
yse the parameter space allowed by relic abundance. The required cut-off scale
in the vertical axes of the plots shown in Fig. 6 clearly depicts the dominance
of dim.5 operator. However, depending on the UV completion, only one such di-
mension may be allowed for DM-SM operators. For a comparison, we show the
corresponding scanned plots for a scenario where DM-SM interaction occurs only
through dim.8 scalar operators in Fig. 7. While the correlation of the reheat tem-
perature and the cut-off scale remains the same as in Fig. 6, but the required
Λ becomes substantially small as one can expect. Another interesting observa-
tion is that, as we go to higher dimensional operators for DM-SM interactions
beyond dim.5, the IR freeze-in contribution to DM relic becomes more and more
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negligible, specially when reheat temperature of the universe is kept well above
1 TeV.
V. CONNECTION TO NEUTRINO MASS
Within the SM field content it is possible to generate light neutrino Majorana
mass via operators of different mass dimension that violate lepton number by
two units (∆L = 2) [71–76] and are suppressed by some scale Λν. Thus, a more
natural explanation for the smallness of mν is that they are generated (via some
underlying new physics) at a scale Λν (higher than the electroweak scale), and
manifest themselves at low energies through effective higher dimensional oper-
ators. As we know, d = 5 seesaw operators are the lowest dimensional effective
neutrino mass operators. Now, for such a dim.5 operator one can express the
light neutrino mass in terms of the Higgs VEV and the effective scale Λν at which
the lepton number is broken:
mν ' v
2
h
Λν
, (20)
which indicates that in order to generate light neutrino mass in the right ball-
park the scale Λν & 1011 TeV. Similarly, for neutrino mass generated from lepton
number violating SM operators in dim.7, one can write:
mν ' v
4
h
Λ3ν
, (21)
which gives rise to Λν & 103 TeV in order to get neutrino mass in the desired
ballpark. Now, a non-zero neutrino mass can be generated only after EWSB, while
DM relic abundance has contribution both from processes before after EWSB. In
order to make a connection between the freeze-in scale and the scale at which
light neutrino mass can be generated, we compare the freeze-in scale considering
only dim.5 and dim.7 interactions where it is also possible to generate neutrino
mass via SM operators.
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FIG. 8. Top: Parameter space satisfying the PLANCK observed relic abundance taking
into account only dim.5 (left) and only dim.7 (right) interactions for Mχ = 50 GeV. In
both the plots the black dashed line is roughly the minimum required Λν to generate
light neutrino mass following Eq. (20) and Eq. (21).
In Fig. 8 we show regions satisfying the PLANCK observed relic abundance in
TRH − Λ bi-dimensional plane for a fixed DM mass of 50 GeV. In the left panel
we depict the parameter space for only dim.5 DM-SM operator and in the right
panel we show the same where the contribution comes only from dim.7 DM-SM
interactions. While the relative contribution of UV and IR freeze-in contribution
for dim.5 operator will be similar to the ones shown in Fig. 6, for dim.7 the effect
of IR freeze-in is negligible as noted before for dim.8 operator. This is because
for dim.7, due to the cut-off scale suppression, in order to make the post-EWSB
processes effective, the reheat temperature has to go below ∼ 1 TeV. We are not
considering reheat temperature below a TeV as mentioned earlier. In both the
plots we also show minimum Λν required to get light neutrino mass (Eq. (20),
Eq. (21)) via the black dashed lines. Hence, in both cases all of the region above
the black dashed line is compatible with the neutrino mass. From both the plots
it is evident that Λ required for right relic abundance both in the case of dim.5
and dim.7 coincide with Λν obtained from Eq. (20) and Eq. (21). This indicates,
the scale of UV freeze-in where only dim.5 and dim.7 operators contribute, can
simultaneously explain light neutrino mass. Such a possibility of simultaneous
origin of neutrino mass and DM-SM operator through effective operators that
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violate lepton number, in turn, constrains the reheat temperature of the universe
as seen from the plots.
VI. POSSIBLE UV COMPLETION
Several possibilities have been discussed in the literature which naturally give
rise to feeble DM-SM couplings. For example, the authors of [32] considered loop
suppressions as origin of FIMP interactions, in [77, 78] the possibility of DM-SM
interactions via superheavy neutral gauge bosons was discussed. On the other
hand, the authors of [79, 80] considered clockwork origin of FIMP couplings.
In this section, we briefly comment upon the possibility of generating some of
the DM-SM effective operators within a complete theory. This is similar to the
UV completion of the Weinberg operator of light neutrino masses [47] via seesaw
mechanism [81–88].
Let us start with the dim.5 operator between DM and SM. The only possible
scalar operator is (χcχ)(H†H)/Λ. If we consider a UV complete theory, where in
addition to the Z2 odd DM, there exists a pair of vector like lepton doublet ψL,R odd
under the same Z2 symmetry, the additional relevant terms in the Lagrangian are
− L ⊃Mψψψ + Y1ψLH˜χ+ Y2ψcRHχ+ h.c. (22)
At a scale µ Mψ, the heavy vector like leptons can be integrated out, resulting
in an operator like (χcχ)(H†H)Y1Y2/Mψ. If reheat temperature of the universe is
smaller than Mψ, these additional vector like leptons are not present in the ther-
mal bath and hence DM-SM interactions mimic as a dimension five operator with
a cut-off Λ = Mψ.
Similarly, one can generate dimension seven operator of the type (χcχ)(H†H)2/Λ3.
Consider the presence of Z2 odd singlet fermion ψL and a Z2 even singlet scalar
φ. The relevant new terms in the Lagrangian are
− L ⊃MψψcLψL +
(
Y1ψLφχ+ h.c.
)
+ µφφH
†H +M2φφφ (23)
At a scale µ  Mψ,Mφ, µφ, the heavy fields ψL, φ can be integrated out, resulting
in DM-SM operator of the type (χcχ)(H†H)2Y 21 µ2φ/(M4φMψ). Considering µφ ≈Mψ ≈
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Mφ ≈ Λ and order one Yukawa couplings, this leads to the expected dimension
seven operator (χcχ)(H†H)2/Λ3. In the same way, one can also generate other
operators discussed in the above analysis.
VII. CONCLUSION
We have classified the simplest possible operators connecting dark matter (DM)
and the standard model (SM) particles relevant for UV freeze-in scenario up to and
including dim.8. Considering the DM to be a singlet Majorana fermion odd under
an unbroken Z2 symmetry we first list out possible DM-SM operators. Since
UV freeze-in is a high scale phenomena, we write down all these operators at a
scale above the electroweak (EW) symmetry breaking so that the SM operators
appearing in the interactions are invariant under SM gauge symmetry. The DM
being a fermion we only have operators of dim.5, 7, 8 that are invariant under
SM gauge symmetry for DM-SM interactions.
After enlisting the possible operators upto dim.8 we consider the simplest pos-
sibility for relic abundance calculation where the DM operators emerge as scalar
bilinears. While including other Lorentz structures is not going to change our
conclusions significantly, but choice of scalar DM operators keep the analysis
very simple. For each possible dimension of these operators we first check the
required cut-off scale Λ to ensure the non-thermal production of the DM, thus in
turn constraining it. We note, dim.5 operator requires the cut-off scale to be at
least & 1011 GeV in order to keep the DM out of equilibrium, whereas dim. 8 inter-
actions can significantly reduce this scale, allowing Λ to be as low as ∼ 105 GeV.
By keeping the effective scale Λ in the range required to satisfy the non-thermal
DM criteria, we then move on to calculate the DM relic by considering both UV
and IR freeze-in contributions with the latter arising after the electroweak sym-
metry breaking, and more relevant for DM mass below electroweak scale. We
thus constrain the cut-off scale and reheat temperature TRH from the require-
ment of observed DM relic abundance, in agreement with PLANCK 2018 data.
After taking all possible operators upto dim.8 at the same time, we also constrain
the relevant parameters from the requirement of relic abundance by taking each
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dimensional operator one at a time. We also check the relative contribution of UV
and IR freeze-in to the total DM relic abundance. While for DM mass above the
electroweak scale, yield due to IR freeze-in is negligible as expected, for lower DM
mass, IR freeze-in is sizeable only for dim.5 DM-SM operators. This is found to
be true especially when the reheat temperature of the universe is kept well above
1 TeV.
Finally, we explore the possibility of constraining the relevant parameters
{Λ, TRH} simultaneously from DM relic and neutrino mass criteria, assuming the
DM-SM interaction and neutrino mass generation from operators at the same
dimension. If neutrino mass arises from Weinberg type operators, then such a
scenario is restricted to dim.5 and 7 only. We find, DM and neutrino mass orig-
inating from dim.7 operators demand the reheat temperature to be more than
103 GeV while dim.5 operator requires TRH & 106 GeV. We briefly comment on
the possibility of realizing such effective DM-SM operators within a UV complete
theory. The UV freeze-in scenario does not have much prospects for direct detec-
tion, but it can have some indirect detection prospects, for example, generation
of monochromatic photon lines [43]. Also, since the DM yield in UV freeze-in is
very much sensitive to the reheat temperature of the universe, it is worth ex-
ploring the consequences within specific inflationary models [46] that may leave
some footprints in other cosmological observations. We leave studies of detec-
tion prospects for such DM models and their connection to specific inflationary
scenarios to future works.
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Appendix A: Scalar kinetic term
With the covariant derivative defined in Sec. III A 2 we derive here the expres-
sions for scalar kinetic term before and after EWSB.
1. Before EWSB
Before EWSB the SU(2)L scalar has the form given in Eq. (4) where the Gold-
stone bosons are physical. The scalar kinetic term the reads:
|DµH|2 ⊃
(
∂µφ
+∂µφ− + ∂µφ0∂µφ0
)
+
g21
4
BµB
µ
(
φ+φ− + φ0φ0
)
+
g22
4
∑
i=1,2,3
WiµW
iµ
(
φ+φ− + φ0φ0
)
.
(A1)
2. After EWSB
After EWSB the SU(2)L scalar doublet is written as in Eq. (14), by expanding
around its minima. As a result the scalar kinetic term turns out to be:
|DµH|2 ⊃ 1
2
∂µh∂
µh+ (h+ vh)
2
{
g22
4
W+µ W
−µ +
g22
8c2w
ZµZ
µ
}
. (A2)
Appendix B: Boltzmann Equation for decay and annihilations
Here we would like to derive the Boltzmann equation (BEQ) for processes cor-
responding to decay and annihilation. As we are considering only 1→ 2 and 2→ 2
processes after EWSB, where all the states involved in the subsequent processes
are massive, while before EWSB we are considering all n → m processes with
n,m ≥ 2 where the SM particles are massless but the DM is massive. However,
considering zero DM mass before EWSB does not affect our reults.
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1. BEQ for 1→ 2 process
For a decay process h(p) → χ(p1), χ(p2) the evolution of number density of χ is
given by:
n˙χ + 3Hnχ =
∫
dΠ1dΠ2dΠ (2pi)
4 δ4 (p1 + p2 − p) |M|2decayfh, (B1)
where dΠj = gj d
3pj
2Ej(2pi)
3 are Lorentz invariant phase space elements, and fi is the
phase space density of the particle i:
ni =
gi
(2pi)3
∫
d3pfi, (B2)
is the particle density of species i possessing gi internal degrees of freedom
(DOF). In writing Eq. (B1) we make two important assumptions:
• The initial χ abundance is negligible so that we may set fχ = 0.
• Neglect Pauli-blocking/stimulated emission effects, i.e. approximating 1 ±
fi ≈ 1.
With these we can then write the BEQ as:
n˙χ + 3Hnχ = gh
∫
Γ
′
h→χχfh
d3ph
(2pi)3
= neqh 〈Γh→χχ〉, (B3)
where the decay width is defined as [19]:
Γh→χχ =
∫
1
2mh
|M|2decay
gh
(2pi)4 δ4 (p1 + p2 − p) dΠ1dΠ2, (B4)
with Γ′h→χχ =
mh
Eh
Γh→χχ ≡ Γh→χχγ and gh = 1. The quantity 〈Γh→χχ〉 is the thermal
averaged decay width, defined as:
〈Γh→χχ〉 = mh
∫
dΠhΓh→χχfh∫
dΠhEhfh
. (B5)
32
As Higgs is in thermal equilibrium, if we consider the Maxwell-Boltzmann dis-
tribution: f eqh = exp (−Eh/T ), then one can write Eq. (B5) as [19, 90]:
〈Γh→χχ〉 = mhΓh→χχ
∫∞
mh
dEh
√
E2h −m2hexp (−Eh/T )∫∞
mh
dEhEh
√
E2h −m2hexp (−Eh/T )
=
K1 (mh/T )
K2 (mh/T )
Γh→χχ, (B6)
where we have used the relation: E2h = p2h+m2h. Similarly, one can show (follow-
ing Eq. (B2)): neqh =
T
2pi2
m2hK2 (mh/T ) for equilibrium distribution of h. Substituting
these two in Eq. (B3) we get [19]:
n˙χ + 3Hnχ =
m2hΓh→χχT
2pi2
K1 (mh/T ) . (B7)
In terms of yield Yχ = nχ/s, this can be recasted as:
Y decayχ = −
∫ Tmin
Tmax
m2hΓh→χχ
2pi2
K1 (mh/T )
s(T ).H(T )
dT (B8)
It is possible to express Eq. (B8) in terms of x = mh/T :
Y decayχ =
45
1.66 4pi4
MplΓh→χχ
m2hg∗s
√
g∗ρ
∫ xmax
xmin
dx x3K1(x). (B9)
Now, xmin = 0 corresponds to T ≈ ∞, while xmax = ∞ corresponds to T ≈ 0.
Therefore, on integration, we obtain:
Y decayχ =
135
8pi3(1.66)g∗s
√
g∗ρ
(
MplΓh→χχ
m2h
)
, (B10)
which gives an analytical expression for yield from decay.
2. BEQ for 2→ 2 process
Now for 2 → 2 processes: 12 → 34 the evolution of number density of χ can be
written as:
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n˙χ + 3Hnχ =
∫
dΠ1dΠ2dΠ3dΠ4 (2pi)
4 δ4 (p3 + p4 − p1 − p2) |M|212→34f1f2, (B11)
|M|212→34 is the amplitude squared for the 2→ 2 process. Now, let us write the
averaging over initial and sum over final states as a general form [11, 91]:
W
n-body
ij =
1
Sf
∫
|M|2 (2pi)4 δ4
(
pi + pj −
∑
f
pf
)∏
f
d3pf
(2pi)3 2Ef
, (B12)
where Sf is the symmetry factor accounting for identical final state particles.
For two-body final state (which is our case) this can be written as:
W
2-body
ij→xy =
|pxy|
16pi2Sxy
√
s
∫
|M|2ij→xydΩ, (B13)
where pxy is the final center of mass (CM) momentum, Sxy = 2 for identical final
states. Average over initial internal degrees of freedom is implied. With this we
can then recast Eq. (B11) as:
n˙χ + 3Hnχ =
∑
ij
∫
dΠidΠjWije
−Ei/T e−Ej/T . (B14)
This, on changing integration variable to [11, 91]: E+ = Ei + Ej, E− = Ei − Ej
and s = m2i +m2j − 2 |pi| |pj| cos θ gives rise to:
n˙χ + 3Hnχ =
T
32pi4
∑
ij
∫
ds |pij|WijK1
(√
s
T
)
, (B15)
where θ is the angle between pi,pj and |pij| is the initial CM momentum. Now,
substituting Eq. (B13) in Eq. (B15) we obtain the final expression for the number
density evolution of χ:
n˙χ + 3Hnχ =
T
512pi6
∫ ∞
s=4M2χ
dsdΩ |p12| |p34| |M|212→34
1√
s
K1
(√
s
T
)
, (B16)
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where K1(...) is the modified Bessel function of the second kind of order 1 and
|pa,b| = 12√s
√
s− (ma +mb)2
√
s− (ma −mb)2 →
√
s
2
in the limit ma,b → 0. Note that,
the lower limit of the integration is zero if we consider all states to be massless.
Let us now recast this equation in terms of DM yield: Yχ = nχ/s, where s is the
entropy per comoving volume. On changing variable one can write:
Y 2→2χ =
1
512pi6
∫ Tmax
Tmin
1
s(T ).H(T )
∫ ∞
4M2χ
dsdΩ |p12| |p34| |M|212→34
1√
s
K1
(√
s
T
)
, (B17)
where the lower and upper limits of the integration over temperature depend
on what epoch we are computing the DM yield. In the before EWSB era non-zero
DM mass does not affect the resulting yield. In that case the lower limit of the
s integral can be taken to be zero instead of 4M2χ. This is true for any n → m
process with n,m ∈ 2, 3, 4.
3. BEQ for 3→ 2 process
For a 3→ 2 process: 123→ 45, with particle 1 carrying a four momenta p1 and
so on, we can write the BEQ as:
n˙χ + 3Hnχ =
∫
dΠ1dΠ2dΠ3dΠ4dΠ5|M|2123→45 (2pi)4 δ4 (p4 + p5 − p1 − p2 − p3)
3∏
i=1
fi
=
∫
dLIPS3dΠ4dΠ5|M|2123→45f1f2f3,
(B18)
where dLIPS3 = dΠ1dΠ2dΠ3 (2pi)4 δ4 (p4 + p5 − p1 − p2 − p3) is the differential Lorentz
invariant 3-body phase space. Since we are considering n → m (with n,m > 2)
processes only before EWSB, hence all SM particles are massless. Also, as the
DM mass does not affect the yield much, we compute the yield in the zero DM
mass limit. In order to simplify Eq. (B18) we will first deal with the 2-body phase
spaces, following [11, 91]:
d3p4d
3p5 = (4pi |p4|) (4pi |p5|) 1
2
d cos θ. (B19)
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We then make a change of the variables as in [11, 91]: E+ = E4 + E5, E− =
E4 − E5, s = 2M2χ + 2E4E5 − 2 |p4| |p5| cos θ. The volume element therefore can be
written as:
∫
dΠ4dΠ5 =
∫
1
(2pi)4
√
E2+ − s
4
√
1− 4M
2
χ
s
dE+ds, (B20)
where the limits on different variables are: |E−| ≤
√
1− 4M2χ
s
√
E2+ − s, E+ ≥
√
s
and
√
s ≥ 4M2χ . With this the BEQ in Eq. (B18) reduces to:
n˙χ + 3Hnχ =
∫ ∞
0
ds
∫ ∞
√
s
dE+e
−(E1+E2+E3)/T 1
(2pi)4
√
E2+ − s
4
√
1− 4M
2
χ
s
|M|123→45dLIPS3
=
T
(2pi)4
∫ ∞
4M2χ
ds
√
s
4
√
1− 4M
2
χ
s
|M|2123→45K1
(√
s
T
)
dLIPS3,
(B21)
where in the second line we applied the conservation of energy: E1 +E2 +E3 =
E4 +E5. The integrated 3-body phase space can be expressed in terms of 2-body
phase space for massless initial state particles as:
∫
dLIPS3 =
∫
ds23
2pi
d cos θ1
2
dφ1
2pi
β1
(
0, s23
s
)
8pi
d cos θ23
2
dφ23
2
β23 (0, 0)
8pi
. (B22)
For an isotropic distribution the overall rotation of the system (cos θ1, φ1) can
be dropped. The polar angle θ23 is defined relative to the direction of −p1. The
azimuthal angle φ23 corresponds to the overall rotation and hence it is also trivial.
In our case m1,2,3 = 0 as the 3-body phase space consists of the massless SM
particles. In the simple case of the massless limit 3:
β1 =
(
1− s23
s
)
,
β23 =
√
1− 1
s23
(m22 +m
2
3) +
1
s223
(m22 −m23)2 → 1
(B23)
Performing all the integrals for overall rotations we have:
3 Considering non-zero mass for the DM before EWSB changes the cross-section in percentage
level.
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∫
dLIPS3 =
∫
ds23
2pi
1
8pi
(
1− s23
s
)
d cos θ23
2
1
8pi
. (B24)
The variables s23 and cos θ23 can be recasted in terms of the energy fraction xi:
x1 = 1− s23
s
x2 =
1
2
(2− x1 + x1 cos θ23) ,
(B25)
also the energies of the incoming particles can be written as 4:
E1 = x1
√
s
2
, E2 = x2
√
s
2
, E3 =
√
s
2
(2− x1 − x2) . (B26)
Following Eq. (B21) then the yield for 3→ 2 process can be expressed as:
dY 3→2χ
dT
' − 1
s(T ).H(T )
1
64 (2pi)7
∫ ∞
4M2χ
dss3/2|M|2123→45
√
1− 4M
2
χ
s
K1
(√
s
T
)∫ 1
0
dx1
∫ 1
1−x1
dx2.
(B27)
Since the inclusion of the DM mass changes the yield only in the percentage
level, for simplicity, we can ignore the DM mass as well.
4. BEQ for 4→ 2 process
For a 4→ 2 process of the form 1234→ 56 we can write the BEQ as:
n˙χ + 3Hnχ =
∫
dΠ1dΠ2dΠ3dΠ4dΠ5dΠ6|M|21234→56 (2pi)4 δ4 (p5 + p6 − p1 − p2 − p3 − p4)
4∏
i=1
fi
=
∫
dLIPS4dΠ5dΠ6|M|21234→56f1f2f3f4,
(B28)
4 More traditional variables are the Dalitz variables namely: m212 = s12 and m223 = s23 [92].
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where dLIPS4 = dΠ1dΠ2dΠ3dΠ4 (2pi)4 δ4 (p5 + p6 − p1 − p2 − p3 − p4) is the 4-body
phase space. Proceeding as before we can write the BEQ with the redefined
variables as:
n˙χ + 3Hnχ =
T
(2pi)4
∫ ∞
4M2χ
ds
√
s
4
√
1− 4M
2
χ
s
|M|21234→56K1
(√
s
T
)
dLIPS4, (B29)
where we have again assumed energy conservation E1 +E2 +E3 +E4 = E5 +E6.
Similar to the 3-body case, the full 4-body phase space can be decomposed into
three 2-body phase space as:
∫
dLIPS4 =
∫
ds12
2pi
ds34
2pi
dLIPS2 (q12, q34) dLIPS2 (pˆ1, pˆ2) dLIPS2 (pˆ3, pˆ4) , (B30)
with
∫
dLIPS2 (q12, q34) =
β
8pi
∫
d cos θ
2
dφ
2pi
(B31)
and
∫
dLIPS2
(
ˆp1(3), ˆp2(4)
)
=
β12(34)
8pi
∫
d cos θ12(34)
2
dφ12(34)
2pi
, (B32)
where q12 = p1 + p2, q34 = p3 + p4 are the sum of four momenta of the initial
particles. The “hatted” variables labelled 1 and 2 are in the rest frame of q12,
and those labelled as 3 and 4 are in the rest frame of q34. Gathering all of these
together, one can write Eq. (B30) as:
∫
dLIPS4 =
∫
ds12
2pi
ds34
2pi
β
8pi
∫
d cos θ
2
dφ
2pi
β12
8pi
∫
d cos θ12
2
dφ12
2pi
β34
8pi
∫
d cos θ34
2
dφ34
2pi
.(B33)
Again for massless initial states: β12 = β34 → 1, while β =
√
1− 2
s
(s12 + s34)− 1s2 (s12 − s34)2.
Then Eq. (B30) becomes:
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∫
dLIPS4 =
1
4pi2(8pi)3
∫ √s
0
ds12∫ (√s−√s12)2
0
ds34
√
1 +
s212
s2
− 2s12s34
s2
+
s234
s2
− 2s12
s
− 2s34
s
∫
d cos θ12
2
∫
d cos θ34
2
.
(B34)
Finally the BEQ for 4→ 2 process can be written using Eq. (B29) and Eq. (B33)
as:
dY 4→2χ
dT
' − 1
s(T ).H(T )
1
64 (2pi)9
∫ ∞
4M2χ
ds
√
s
√
1− 4M
2
χ
s
|M|21234→56K1
(√
s
T
)
∫ √s
0
ds12
∫ (√s−√s12)2
0
ds34
√
1 +
s212
s2
− 2s12s34
s2
+
s234
s2
− 2s12
s
− 2s34
s
∫
d cos θ12
2
∫
d cos θ34
2
,
(B35)
which is in terms of the yield Yχ. Again, ignoring the DM mass does not change
the outcome.
Appendix C: Computation of squared amplitudes
Several different processes arise before and after EWSB. We therefore compute
the squared amplitudes at two different era considering relevant interactions. Be-
fore EWSB there are no decay processes, hence all we have are scatterings. For
interactions at a particular dimension we calculate the squared amplitudes for
processes with minimum number of initial state particles as yield with large num-
ber of initial states is suppressed as we have shown in Appendix. B. In presence
of several multiparticle initial states we consider processes upto 3→ 2 (2→ 3) for
dim.5 and dim.7 operators, while for dim.8 operator there is 4→ 2 (2→ 4) process.
In dim.7 there are 2→ 2 and 3→ 2 (2→ 3) processes. There are also 4→ 2 (2→ 4)
processes which we do not consider as they will have a sub-dominant contribu-
tion. After EWSB, on top of 2 → 2, 3 → 2 and 4 → 2 annihilation there is also
1 → 2 decay both in dim.5 and dim.7 level. We however stick to processes upto
2 → 2 after EWSB. Also, after EWSB all SM particles are massive, together with
the DM. For all processes before EWSB the spin averaged squared amplitudes
are tabulated in Tab. V, while in Tab. VI we tabulate all processes appearing after
EWSB.
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Operator dim. Amplitude squared
5 |M|2φφ→χχ = 2× 2sΛ2
(
1− 4M2χs
)
7 |M|2XX→χχ = 12× s
3
9Λ6
(
1− 4M2χs
)
|M|2φφ→χχ = 2× s
3
2Λ6
(
1− 4M2χs
)
|M|2XX→ χχX = 2g
2
2(g
2
s)s
2
3Λ6
(
1− 4M2χs
)
|M|2φφ→Bχχ = 2× g
2
1s
2
3Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)
|M|2Bφ→φχχ = 2× g
2
1s
2
3Λ6
(
1− 4M2χs
)
x1 (2− x1 − x2) (1− cos θ13)
|M|2φφ→W iχχ = 6× g
2
2s
2
3Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)
|M|2W iφ→φχχ = 6× g
2
2s
2
3Λ6
(
1− 4M2χs
)
x1 (2− x1 − x2) (1− cos θ13)
|M|2ff→φχχ = 4× Ncs
2
4Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)
|M|2fφ→fχχ = 4× Ncs
2
2Λ6
(
1− 4M2χs
)
x1 (2− x1 − x2) (1− cos θ13)∑
i |M|
2
ff→W iχχ = 3× g
2
2NCs
2
2Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)∑
i |M|
2
fW i→fχχ = 3× g
2
2NCs
2
3Λ6
(
1− 4M2χs
)
x1 (2− x1 − x2) (1− cos θ13)
|M|2ff→Bχχ = g
2
1NCs
2
16Λ6
(
Y 2T + Y
2
D
) (
1− 4M2χs
)
x1x2 (1− cos θ12)
|M|2fB→fχχ = g
2
1NCs
2
3Λ6
(
1− 4M2χs
) (
Y 2T + Y
2
D
)
x1 (2− x1 − x2) (1− cos θ13)
|M|2XXX→χχ = 2g
2
2(g
2
s)s
2
9Λ6
(
1− 4M2χs
)
|M|2Bφφ→χχ = 2× g
2
1s
2
12Λ6
(
1− 4M2χs
)
x2 (2− x1 − x2) (1− cos θ23)∑
i |M|
2
W iφφ→χχ = 6× g
2
2s
2
12Λ6
(
1− 4M2χs
)
x2 (2− x1 − x2) (1− cos θ23)
|M|2ffφ→χχ = 4× Ncs
2
4Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)∑
i |M|
2
ffW i→χχ = 3× g
2
2NCs
2
6Λ6
(
1− 4M2χs
)
x1x2 (1− cos θ12)
|M|2ffB→χχ = g
2
1NCs
2
48Λ6
(
Y 2T + Y
2
D
) (
1− 4M2χs
)
x1x2 (1− cos θ12)
8 |M|2``φφ→χχ = 4× s
2
8Λ8
(
1− 4M2χs
)
(1− cos θ12)
|M|2``→φφχχ = 4× s
2
8Λ8
(
1− 4M2χs
)
(1− cos θ12)
|M|2φφ→``χχ = 4× s
2
2Λ8
(
1− 4M2χs
)
(1− cos θ34)
|M|2`φ→`χχ = 4× s
2
4Λ8
(
1− 4M2χs
)
(1− cos θ13)
TABLE V. Table for amplitude squared before EWSB. From top to bottom we have the
2 → 2, 2 → 3, 3 → 2 processes for dim.5 and dim.7, while 4 → 2 and 2 → 4 processes
for dim.8 interactions. Here X ∈ W iµ, Bµ, Gaµ are the SM gauge bosons corresponding to
SU(2)L, U(1)Y and SU(3)c with i = 1, 2, 3 and a = 1...8. All SM states are massless, while
the DM is massive in this epoch.
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Operator dim. Amplitude squared
5 |M|2h→χχ = 8m
2
hv
2
h
Λ2
(
1− 4M2χ
m2h
)
|M|2hh→χχ = s2Λ2
(
1− 4M2χs
)
|M|2
V V
h−→χχ =
2s3
3Λ2
(
1− 4M2χs
)
1
(s−m2h)
2
+Γ2hm
2
h
(
1− 4m2vs + 12m
4
v
s2
)
|M|2
ff
h−→χχ =
Ncs2m2f
Λ2
(
1− 4M2χs
)
1
(s−m2h)
2
+Γ2hm
2
h
(
1− 4m
2
f
s
)
|M|2
gg
h−→χχ =
g4ssm
4
h
4608pi4Λ2
F(x)2
(s−m2h)
2
+Γ2hm
2
h
(
1− 4M2χs
)
7 |M|2h→χχ = 2m
2
hv
6
h
Λ6
(
1− 4M2χs
)
|M|2hh→χχ = 9sv
4
h
2Λ6
(
1− 4M2χs
)
|M|2hh→χχ = s
3
8Λ6
(
1− 2M2χs
)(
1− 4m2hs
)2
|M|2γγ→χχ = 64s
4
ws
3
9Λ6
(
1− 4M2χs
)
|M|2WW→χχ = 8s
5
9m4WΛ
6
(
1− 2m2Ws
)2 (
1− 4M2χs
)(
1− 4m2Ws +
12m4W
s2
)
|M|2ZZ→χχ = 8c
4
ws
5
9m4ZΛ
6
(
1− 2m2Zs
)2 (
1− 4M2χs
)(
1− 4m2Zs +
12m4Z
s2
)
|M|2γZ→χχ = 8s
2
wc
2
ws
5
9m4ZΛ
6
(
1− 2m2Zs
)2 (
1− 4M2χs
)(
1− 2m2Zs +
9m4Z
s2
)
|M|2gg→χχ = 64s
3
9Λ6
(
1− 4M2χs
)
|M|2WW→χχ = g
4
2v
4
hs
3
288m4V Λ
6
(
1− 4M2χs
)(
1− 4m2Ws +
12m4W
s2
)
|M|2ZZ→χχ = g
4
2v
4
hs
3
1152c4wm
4
V Λ
6
(
1− 4M2χs
)(
1− 4m2Zs +
12m4Z
s2
)
|M|2
WW
h−→χχ =
2v4hs
3
3Λ6
(
1− 4M2χs
)
1
(s−m2h)
2
+Γ2hm
2
h
(
1− 4m2Ws +
12m4W
s2
)
|M|2
ZZ
h−→χχ =
2v4hs
3
3Λ6
(
1− 4M2χs
)
1
(s−m2h)
2
+Γ2hm
2
h
(
1− 4m2Zs +
12m4Z
s2
)
|M|2
ff
h−→χχ =
Ncs2v4hm
2
f
Λ6
(
1− 4M2χs
)
1
(s−m2h)
2
+Γ2hm
2
h
(
1− 4m
2
f
s
)
|M|2
gg
h−→χχ =
g4ssm
4
hv
4
h
4608pi4Λ6
F(x)2
(s−m2h)
2
+Γ2hm
2
h
(
1− 4M2χs
)
8 |M|2νν→χχ = v
4
hs
2
4Λ8
(
1− 4M2χs
)(
1− 4m2νs
)
TABLE VI. Table for amplitude squared after EWSB where s(c)w is the (co)sine of the weak
mixing angle. All SM states are massive along with the DM.
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Appendix D: Thermally averaged cross-section
Here we would like to furnish the derivation of thermally averaged cross-
section for 2 → 2, 3 → 2 and 4 → 2 process, which is going to be utilized for
determining the thermalization condition for the DM. Since we are interested in
determining the rate of interaction at high temperature, hence we stick to the
before EWSB scenario where all SM particles are massless.
1. Thermally averaged 2→ 2 cross-section
Let us first determine the thermally averaged 2→ 2 cross-section for a process
12→ 34:
〈σv〉2→2 =
∫
σvrel exp(−E1/T ) exp(−E2/T )d3p1d3p2∫
exp(−E1/T ) exp(−E2/T )d3p1d3p2 , (D1)
where we have used the definition of cross section as:
dσ =
|M|22→2
F dLIPS2, (D2)
where F = 4E1E2 |vrel| is the flux factor and dLIPS2 is the Lorentz invariant
2-body differential phase space. The momentum-space volume element can be
written in terms of the redefined variables as (similar to Appendix. B 3):
d3p1d
3p2 = 2pi
2E1E2dE+dE−ds. (D3)
With this we can write the numerator of Eq. (D1) as [11, 91]:
∫
σvrel exp(−E1/T ) exp(−E2/T )d3p1d3p2 = 2pi2T
∫
dsσ(s− 4M2χ)
√
sK1
(√
s
T
)
, (D4)
where again we can ignore the DM mass as that is not going to affect our results.
The denominator is derived in the massless limit of the SM particles as:
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∫
exp(−E1/T ) exp(−E2/T )d3p1d3p2 = 64pi2T 6. (D5)
Combining the numerator and denominator we find Eq. (D1) takes the form:
〈σv〉2→2 = 1
32T 5
∫ ∞
4M2χ
dsσ(s− 4M2χ)
√
sK1
(√
s/T
)
, (D6)
where we can ignore the DM mass and the lower limit of the integral then turns
out to be zero.
2. Thermally averaged 3→ 2 & 2→ 3 cross-section
The thermally averaged 3 → 2 cross-section can be expressed as [93–95] fol-
lows, where we will ignore the DM mass, as taking that into account makes no
substantial change in the results:
〈σv2〉3→2 = 1∏3
i=1 n
eq
i
∫
dΠ1...dΠ5 (2pi)
4 δ(4) (p4 + p5 − p1 − p2 − p3) |M|23→2
3∏
i=1
fi
=
1∏3
i=1 n
eq
i
T
(2pi)4
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|23→2dLIPS3,
(D7)
where again we have performed a change of variables in the second line and
considered dLIPS3 = dΠ1dΠ2dΠ3 (2pi)4 δ(4) (p4 + p5 − p1 − p2 − p3). Now, in the mass-
less limit the denominator reads:
3∏
i=1
neqi =
g1g2g3
(2pi)9
∫
exp(−E1/T ) exp(−E2/T ) exp(−E3/T )d3p1d3p2d3p3 = g1g2g3T
9
pi6
.(D8)
One can write the expression for dLIPS3 following Eq. (B24). Together, the final
expression can be read from Eq. (D7):
〈σv2〉3→2 = pi
6
g1g2g3T 8
1
(2pi)4
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|23→2dLIPS3
=
1
g1g2g3
1
8192piT 8
∫ ∞
0
dss3/2K1
(√
s
T
)
|M|23→2
∫ 1
0
dx1
∫ 1
1−x1
dx2.
(D9)
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Similarly,
〈σv〉2→3 = 1∏2
i=1 n
eq
i
T
(2pi)4
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|22→3dLIPS3, (D10)
where dLIPS3 = (2pi)4 δ(4) (p3 + p4 + p5 − p1 − p2) dΠ3dΠ4dΠ5. The denominator of
Eq. (D10) can again be obtained as:
2∏
i=1
neqi =
g1g2
(2pi)6
∫
exp(−E1/T ) exp(−E2/T )d3p1d3p2 = g1g2T
6
pi4
. (D11)
Then, on simplification one obtains:
〈σv〉2→3 = 1
g1g2
1
16T 5
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|22→3dLIPS3, (D12)
3. Thermally averaged 4→ 2 & 2→ 4 cross-section
Proceeding as before we can write the 4 → 2 thermally averaged cross-section
for a process 1234→ 56 as:
〈σv3〉4→2 = 1∏4
i=1 n
eq
i
∫
dΠ1...dΠ6 (2pi)
4 δ(4) (p5 + p6 − p1 − p2 − p3 − p4) |M|24→2
4∏
i=1
fi
=
1∏4
i=1 n
eq
i
T
(2pi)4
∫ ∞
0
ds
√
s
4
|M|21234→56K1
(√
s
T
)
dLIPS4,
(D13)
with dLIPS4 = (2pi)4 δ(4) (p5 + p6 − p1 − p2 − p3 − p4) dΠ1...dΠ4. Again the denomi-
nator in the massless limit:
4∏
i=1
neqi = g1g2g3g4
(4pi)4
(2pi)12
∫
exp(−E1/T ) exp(−E2/T ) exp(−E3/T ) exp(−E4/T )
E21E
2
2E
2
3E
2
4dE1dE2dE3dE4 = g1g2g3g4
T 12
pi8
.
(D14)
Therefore, the final expression for 4→ 2 process:
44
〈σv3〉4→2 = 1
g1g2g3g4
pi8
T 11
1
(2pi)4
∫ ∞
0
ds
√
s
4
|M|21234→56K1
(√
s
T
)
dLIPS4
=
1
g1g2g3g4
pi2
64 (8pi)3 T 11
∫ ∞
0
ds
√
s
4
|M|21234→56K1
(√
s
T
)
∫ √s
0
ds12
∫ (√s−s12)2
0
ds34
√
1 +
s212
s2
− 2s12s34
s2
+
s234
s2
− 2s12
s
− 2s34
s
∫
d cos θ12
2
∫
d cos θ34
2
(D15)
where we have exploited Eq. (B33) for obtaining dLIPS4. One can similarly write
the thermally averaged cross-section for a 2→ 4 process using Eq. (D11):
〈σv〉2→4 = 1∏2
i=1 n
eq
i
T
(2pi)4
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|22→4dLIPS4
=
1
g1g2
1
16T 5
∫ ∞
0
ds
√
s
4
K1
(√
s
T
)
|M|22→4dLIPS4.
(D16)
Appendix E: Condition for thermalization
The condition whether the DM is in thermal equilibrium with the SM bath is
determined by the ratioR = Γn→m
H
, which quantifies if the rate of some n→ m (with
n,m ∈ 1, 2, 3, 4) reaction Γn→m is larger, equal or less than the rate of expansion
or the Hubble H depending on which the DM can be out of equilibrium (non-
thermal) or in equilibrium (thermal) with the SM bath. Now, the reaction rate is
given by:
Γn→m =
n
n−1
SM 〈σv〉n→m if n,m > 1
Γdecay if n = 1,
(E1)
where Γdecay is the decay width for a process and nSM is the number density of
the SM bath that can be determined following Eq.B2, and is given by:
nSM =
gSM (T )
3
4
ζ(3)
pi2
T 3 if T >> mSM
gSM (T )
(
mSMT
2pi
)3/2
e−mSM/T if T ≤ mSM,
(E2)
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with gSM (T ) being the DOF of the SM particles. Now, the thermal averaged
cross-section for n→ m process is given by [93–95]:
〈σvn−1〉n→m = 1
Sf
1∏n
i=2 n
eq
i
∫ n+m∏
i=2
dΠi (2pi)
4 δ(4)
(
n∑
i=2
pi − pf
)
|M|2n→m
n∏
i=2
fi, (E3)
where gi is the DOF and fi is the phase space distribution for the species i. Sf
is the symmetry factor: Sf =
∏n
i=2 ni!, where ni is the is the number of identical
particles of species i in the final state. The Hubble rate, on the other hand, is
given by:
H (T ) = 1.66
√
g?ρ (T )
T 2
Mpl
, (E4)
where g?ρ is the DOF for the SM bath and Mpl is the reduced Planck mass.
Therefore, we need to calculate R = nn−1SM 〈σvn−1〉n→m
H(T )
for 2 → 2, 3 → 2, 2 → 3, 4 → 2
and 2 → 4 processes before EWSB, while after EWSB apart from annihilation
there is also decay that itself determines the rate. Following Eq. (E3) we can
calculate thermally averaged cross-section for n→ m processes with n,m ∈ 2, 3, 4.
One should note, for 2 → n process with n ∈ 2, 3, 4 the thermally averaged cross-
section reads 〈σv〉 and has the unit of GeV−2, for 3 → 2 process the thermally
averaged cross-section goes 〈σv2〉 ∼ GeV−5 and for 4→ 2 it is 〈σv3〉 ∼ GeV−8.
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